Some new N-benzyl phosphoramidic acid (4-methylphenyl)ester derivatives were synthesized and characterized by 1 H, 13 C, 31 P NMR and IR spectroscopy and elemental analysis. The structure of [(C 6 H 5 )(CH 3 )CH-NH]P(O)(p-OC 6 H 4 CH 3 ) 2 (2) was investigated. This compound exists in polymeric zigzag chains in the crystalline lattice produced by hydrogen bonding built from two alternating independent molecules. NMR data indicate two diastereotopic p-cresol groups as confirmed by Xray crystallography. Ab initio calculations were performed on the geometry of compound 2 at the UHF/6-311G * * and B3LYP/6-311G * * levels. The optimized structure of each independent molecule contains two different p-cresol groups, in agreement with the experimental results.
Introduction
Phosphoramidic acid esters have attracted attention owing to their synthetic and biological value [1 -4] . Of the numerous compounds known, structures have been determined only for a few molecules [5 -7] .
Gorenstein has reviewed the various effects that affect the 31 P chemical shifts in phosphoryl compounds [8] . Many authors have considered the substituent effects on the NMR and IR spectra of phosphoramidic acid esters [9 -11] . Ab initio calculations were performed for an evaluation of the effects of different substituents on the NMR spectra [12 -14] .
In this study, we focus on two diastereotopic pcresol groups in N-(α-methylbenzyl) phosphoramidic acid bis(4-methylphenyl)ester 2, due to the chiral carbon atom in the amino group. We believe that this is the first example of diastereotopic groups that have been confirmed by X-ray single crystal structure determination techniques as well as NMR spectroscopy so far for a phosphoramidic acid ester. Also, we performed ab initio calculations on the geometry of compound 2 to compare the optimized structure of this molecule with the structure that was obtained from the X-ray crystallography. In addition, some new N-benzyl phospho-0932-0776 / 05 / 0100-0067 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ramidic acid (4-methylphenyl)ester derivatives were synthesized for comparison.
Results and Discussion
Syntheses of N-benzyl phosphoramidic acid (4-methylphenyl)ester derivatives with the constitution 1 -6 were performed by the reaction of (4-tolyl) dichlorophosphate [15] with the appropriate benzylamines (Scheme 1).
Spectroscopic study
The 1 H NMR spectrum of compound 1 indicates two equivalent amine groups, but in compound 2, two sets of peaks with equal intensity were observed for two p-cresol groups (the chiral carbon atom causes the two p-cresol groups to be diastereotopic) [16] . The 1 H NMR spectra of 1 and 2 show a broad peak for the amino protons.
All molecules 1 -6 contain benzylic protons and the coupling patterns between these protons and the phosphorus atom are different. Where two benzylic protons are present, these are diastereotopic, which will result in different chemical shifts.
The quartet for the CH proton in 1 and 2 shows that there are no couplings with the phosphorus atom. Compound 3 shows a doublet of quartets for the benzylic protons which is converted to a doublet of doublets in the 1 H{ 31 P} NMR spectrum. For molecule 5 a doublet peak was observed for the CH 2 protons. The 1 H NMR spectrum of compound 4 shows a doublet for the benzylic protons (arisen from the coupling with phosphorus atom), and the spectrum of 6 only a singlet peak.
1 H NMR spectra of some molecules with the skeleton R 1 R 2 NP(O)(p-OC 6 H 4 CH 3 )Cl (A) where R 1 = R 2 = alkyl or aryl, indicate a long range coupling between phosphorus and p-CH 3 protons with 7 J P−H = 1.2 − 2.6 Hz [17] . Despite this, 1 H NMR spectra of 1 -6 show no coupling between phosphorus and p-CH 3 protons, although the molecules 3 and 5 have the same structure as A with different amine substituents. Perhaps the high electron donation of amine groups and thus the formation of partial multiple bonds between phosphorus and nitrogen atoms cause the vanishing of 7 J P−H [17] .
The
31 P NMR spectra show that the substitution of a chlorine atom in compounds 3 and 5 by a p-cresol group (which produces molecules 4 and 6) cause a large upfield shift of the phosphorus signal. This phenomenon was also observed upon substitution of an α-methylbenzyl amine group with a p-cresol group.
X-ray crystallography
To study the effect of the chiral carbon atom on the structure of molecule 2, we used X-ray crystallography. Crystallographic data of compound 2 are given in Table 1 . Selected bond lengths and angles are presented in Table 2 . The unit cell of 2 contains two crystallographically independent molecules (labeled as P(1) and P(1A) for the corresponding Table 2 . Selected bond lengths (Å) and selected bond angles (deg) for compound 2. 2 ; the two crystallographically independent molecules are shown (50% probability ellipsoids). In the crystal lattice of 2, infinite zigzag chains are built from two alternating crystallographically independent molecules (Fig. 2) . Neighboring molecules are connected via two different kinds of intermolecular hydrogen bonds (see Table 4 (Fig. 3 ).
UHF/6-311G * * B3LYP/6-311G * * UHF/6-311G * * B3LYP/6-311G * * P (1) In both independent molecules, the two p-cresol groups are not symmetry related due to the presence of an asymmetric carbon atom in the molecule. 
Quantum chemical calculations
To further investigate molecule 2 and to compare the experimental and theoretical data, ab initio calculations were performed to optimize the geometry of two conformers of molecule 2 on the UHF/6-311G * * and B3LYP/6-311G * * levels, using the Gaussian 98 program [18] . There are some differences in the corresponding bond angles and in the particular torsion angles; however, the corresponding bond lengths are nearly identical (Tables 5 -7 ). Fig. 4 shows the optimized structures obtained for two independent molecules labeled with P(1) (up), and P(1A) (down). The calculated results are generally in good agreement with the experimental ones. The gas phase minimum energy for conformer labeled with P(1) at UHF and B3LYP levels are −920677.4746 and −925546.2101 kcal.mol −1 and that of conformer labeled with P(1A) are −920678.5012 and −925547.1244 kcal.mol −1 , respectively. Therefore, conformer P(1A) is more stable than conformer P(1) as 1.027 kcal.mol −1 at UHF method and 0.914 kcal.mol −1 at DFT level.
Experimental Section

X-ray measurements
X-ray data were collected on a Bruker SMART 1000 CCD single crystal diffractometer with graphite monochromated Mo-K α radiation (λ = 0.71073Å). The structure was refined Fig. 4 . Optimized structures for 2, two independent molecules [up, P(1) and down, P(1A)] with UHF/6-311G * * and B3LYP/6-311G * * , H atoms are omitted for clarity.
with SHELXL-97 [19] by a full-matrix least-squares procedure on F 2 . The crystallographic information file (CIF) has been deposited at the Cambridge Crystallographic Database Center as a supplementary publication No CCDC 224962.
Spectroscopic measurements
1 H, 13 C and 31 P NMR spectra were recorded on a Bruker Avance DRS 500 spectrometer. 1 H and 13 C chemical shifts were determined relative to internal TMS, 31 P chemical shifts relative to 85% H 3 PO 4 as external standard. Infrared (IR) spectra were recorded on a Shimadzu model IR-60 spec- Table 7 . Selected torsion angles (deg) for the optimized structures of two conformers of compound 2 with UHF/6-311G * * and B3LYP/6-311G * * .
UHF/6-311G * * B3LYP/6-311G * * UHF/6-311G * * B3LYP/6-311G * *
60.4 53.9 trometer. Elemental analysis was performed using a Heraeus CHN-O-RAPID apparatus. (4-methylphenyl) ester (1) and N-(α-methylbenzyl) phosphoramidic acid bis (4-methylphenyl) ester (2) α-Methylbenzyl amine (1.21 g, 10 mmol) was added to a solution of (4-tolyl) dichlorophosphate (1.125 g, 5 mmol) in dry benzene (20 ml) and stirred at −10 • C for 6 hours. After filtration, the solvent was evaporated and the oily residue was separated by column chromatography [silica gel; nhexane/ethyl acetate (1:2)] to give compounds 1 (0.83 g, 42%) and 2 (0.37 g, 19% 
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